This article provides a didactic platform that is developed to improve the teaching as well as learning of "design of compensators" in control systems engineering. The educational tool comprises a graphical user interface in MATLAB. The graphical user interface permits an individual to investigate various parameters involved in the design of the required compensator, which includes percentage overshoot, peak time, and velocity error constant and observe the results dynamically as the parameters change. The approach used in this article for the design of compensators is based on the frequency response analysis. One can obtain various plots including unit step response plot, Bode plot, and root locus plot for uncompensated and compensated systems to have a better understanding of the designed compensator.
Introduction
Control systems is unquestionably a subject that requires understanding of the subject theory with graphical illustrations. The subject finds its application in almost all streams of engineering and sciences including electrical, electronics, mechanical, mechatronics, biomedical, automotive, and aerospace engineering. [1] [2] [3] Considering its application in a wide range of subjects, control theory is taught almost in all engineering institutions across the globe. The use of interactive software tools has proven to be very useful as they provide an instant vision of the theoretical concepts involved in each and every topic of the subject.
2,3 A number of high-level software packages have been used to create engineering education applications, such as LabVIEW, MathCAD, MATHEMATICA, MATLAB, and many more, as well as Cþþ or JAVA for the expansion of computer-aided and web-based educational resources. [4] [5] [6] [7] [8] [9] Among the above-mentioned software tools, MATLAB finds a wide range of applications in the field of science and technology due to the various advantages over other alternatives. Its suppleness and user-friendliness, as well as the handiness of a number of toolboxes that have been advanced for many diverse applications make it a perfect choice in the technical community. In various engineering fields, for instance, chemical engineering, electromagnetic theory, signal processing, communications, metallurgy, engineering design, and control systems, to name a few, MATLAB has been widely used for teaching and research purposes. [10] [11] [12] This article explains an application that aims at providing a tool that can be used as a teaching aid in control systems course, precisely in the design of compensators. The objective behind the design of this application was to prepare an interactive and supple tool that can be used by the students to test the control methods freely, without being involved in programming. The designed graphical user interface (GUI) focuses to make the students understand the theoretical concepts and ideologies via interactive practice. 12 Reducing the time spent to solve problems by the development of computational tasks is also taken into consideration. The GUI permits even a beginner, to carry out tests and experiment with the compensator design, and understand the effect of changing the various parameters involved in the design of compensators, without having any prior knowledge of MATLAB. By this means, the student acquires a prompt vision on the performance of the designed compensator. By means of the GUI presented in this article, the student is less susceptible to errors in comparison to programming where the chances of error are high and the task of programming is time-taking. The students can answer maximum problems on compensator design in a basic control theory course in a graphical environment through the GUI described in this article.
The rest of the article is organized as follows. The next section deals with presenting an analysis on the ethics of design of compensators, and the frequency response approach used in this work. Then, a detailed description of MATLABbased GUI tool for the design and implementation of compensators is presented.
The article ends with the concluding remarks about the instructive significance of the work.
Design of compensators
The design of compensators in control systems using several methodologies has been broadly presented in detail in numerous textbooks. Crudely, compensators may be defined as the subsystems whose objective is to improve the transient and steady-state response of a system, by compensating the system with the addition of poles and/or zeros. Compensation can be realized by suitable placement of the compensator either in cascade with the plant (series compensation) or in the feedback path (parallel compensation). [13] [14] [15] [16] [17] [18] [19] In each situation, there is an alteration of open-loop poles and zeros, resulting in creation of a new root locus that goes through the desired closed-loop pole location. The root locus is then reshaped to meet the performance specifications.
In general, the design in the frequency domain is simple and straight forward. The manner in which the given system must be modified is clearly indicated by the frequency response plot. Also, frequency response techniques take the benefit of the convenience of computer programs, specifically, MATLAB, in the compensator design. 15 The application described here focuses on cascade or series compensation. For the application presented in this article, the procedure used is based on the methodology described in detail in Norman 3 for cascade compensators design. The following section describes a short summary of the design procedure for LAG compensator and then case studies have been presented to verify the design of all three types of compensators viz. Lag, Lead and Lag-Lead. 18 
Design procedure for lag compensator
As the name suggests, the lag compensator is one whose typical phase angle response is always negative, or lagging in phase angle. A lag compensator improves the static error constant by increasing only the low-frequency gain without any resulting instability and increases the phase margin of the system to yield the desired transient response. 15 The bandwidth of the system is also reduced. The transfer function of the lag compensator network is given by equation (1), for a >1.
The GUI program prompts the user to input the desired values by describing: numerator and denominator coefficients of the given transfer function of the plant, percentage overshoot (POS), and velocity error constant (K v ). Then, the gain "K" of the system is calculated. The damping factor f is then calculated from equation (2) .
The required phase margin Pm is calculated from equation (3).
The required phase angle Ph is calculated using equation (4).
The next step consists of finding the frequency wf at which the magnitude plot goes through 0 dB. The high-frequency break (wh) of the lag compensator is obtained using equation (5).
Then, the low-frequency break (wl) of the lag compensator is obtained using equation (6) .
where M is the magnitude at the same frequency where the required phase angle is found from the Bode data.
From lag compensator given by equation (7), the gain Kc of the lag compensator is obtained using equation (8) Hence; Kc ¼ wl wh
Using these values, the compensator transfer function is finally obtained using equation (7) . The compensator is added in cascade structure to the plant. The transfer function of the complete system with lag compensator is given by equation (9).
The system performance can be easily evaluated through root locus plot, Bode plot, and unit step response plots, before and after compensation, in a dynamical way. The design procedures used for the other compensators included in the application follow a similar methodology. The detailed procedure can be found in Norman. 3 Matlab GUI for compensator design
MATLAB
V R provides a number of tools and components to link various functions on a single window, through the medium of its GUI tool: GUIDE. The components include pushbutton, slider, textbox, axes, etc. After deciding a layout for various objects used over a Blank GUI, MATLAB creates a Figure file Figure 1 shows the main screen of the interface, whereas Figure 2 shows a selected portion of the MATLAB program for a lag compensator design. The user can start designing a compensator by clicking on the "START" button which opens a new window as shown in Figure 3 . From this window, the user is able to select the type of compensator to be designed. The choices available are: lag, lead, and lag-lead compensators. 15 A click on the desired option will take the user to a new screen for the design of the desired compensator type. Some case studies on compensator design through the created GUI have been discussed below. The case study examples have been taken from Norman.
We choose "Lag Compensator" in Figure 3 . By clicking the "DESIGN" button after giving all the inputs (Figure 4) , the user accesses a new screen as shown in Figure 5 , where the user can view the desired transfer functions in their respective places. By selecting an option in the block "View," the user can view the desired output plot i.e.-"Step Response," "Bode Plot," or "Root Locus." In every case, two plots corresponding to the uncompensated and compensated cases are displayed. Figure 6 shows the window corresponding to the "
Step Response" push-button. By clicking on the buttons viz. "Uncompensated System" and "Lag Compensated System," we obtain the plots and we can also view the information of the step responses. In Figure 6 , we can see that the overshoot is 9.2095% which is near to 9.5% (the desired one). Hence, the desired specification for POS is met. Also, it can . The Bode plots of the system in both cases, uncompensated and compensated, can be easily obtained by selecting the option named "Bode Plot," which is located Step response of the uncompensated and lag compensated systems.
in the screen shown in Figure 5 , and typical result plots are shown in Figure 7 (a). For enhanced understanding of the Bode plots, we can choose the "Compare the two plots" button ( Figure 7 ) and obtain the plots by clicking "View" (Figure 8 ).
From Figure 7 (a) and (b), it is clear that before compensation, the system was unstable (as the gain margin is positive but the phase margin is negative) but after compensation, the system has become stable (as both the gain margin and the phase margin are positive). Likewise, we can view the root locus of both the uncompensated and compensated systems by clicking on "Root Locus" button of Figure 5 . Typical results are shown in the Figure 8 . In the root locus of the compensated system, we can see the addition of poles and zeros which account for the stability of the lag compensated system. From Figure 8 , it can be seen that there is an addition of a dominant pole at s ¼ À0:06179 and a zero at s ¼ À0:981 in the lag compensated system. The results can be compared and verified using the Norman. Design procedure for lead compensator. The transfer function of the lead compensator is given by equation (10), for b < 1.
The design steps are the following: 14, 15 Figure 8. Root locus of the uncompensated and lag compensated systems.
1. Obtain the numerator and denominator polynomials from the given transfer function. 2. Calculate the damping factor f from equation (2). 3. Find the closed-loop bandwidth required to meet the peak time ðT p Þ requirement using equation (11) .
4. Plot the Bode magnitude and phase diagrams for this value of gain and determine the uncompensated system's phase margin. 5. Find the phase margin to meet the damping ratio or percent overshoot requirement. Then evaluate the additional phase contribution required from the compensator (using equations (3) and (4)]. 6. Determine the value of b (equation (13)) from the lead compensator's required phase contribution.
Find x max i.e. the frequency at the peak magnitude.
7. Obtain the transfer function of the lead compensator using equation (14) .
where,
8. The transfer function of the complete system with lag compensator is given by equation (18) .
The above steps are programmed using MATLAB and invoked through designed GUI. The results are shown in Figures 9 to 12 .
The transfer function of the lead compensator calculated by the GUI (Figure 9 ) is The comparison of uncompensated and compensated system responses is shown in Figure 10 . From Figure 10 , we can see that the transient response has improved after compensation. Also, the rise time, settling time, and overshoot have reduced after compensation. The peak time and the steady-state error requirements have been met as per the requirement, although the percent overshoot is 2.6% larger than proposed (Figure 10 ). Figure 11 shows the comparison of Bode plots of the system with and without compensator. Referring to Figure 12 , it can be seen that a dominant zero at s ¼ À25:29 and a pole at s ¼ À60:17 are added in the lead compensated system. This leads to shifting of the root locus toward the left half of the s-plane, thus the relative stability of the system increases. Using Norman, 3 the parameters of the designed lead compensator can be equated and confirmed.
Case 3: Lag-lead compensator design
Given a unity feedback system where G(s) ¼ K sðsþ1Þðsþ4Þ , we have to design a passive lag-lead compensator to yield a 13.25% overshoot, a peak time of 2 s, and K v ¼ 12.
The design procedure for lag-lead compensator is similar to the design of lag and lead compensators. The transfer function of the complete system with lag-lead compensator is given by equation (19) .
The results obtained using the GUI are shown in Figures 13 to 16 . The results can be verified from Norman. 3 The GUI calculates the transfer function of the laglead compensator as Referring to Figure 14 , the peak time requirement is met. Also, both the transient and steady state performance of the system have improved owing to Step response of the uncompensated and lag-lead compensated systems. the lag-lead compensator. The system response is fast as the system settles down quickly. The lead portion of this compensator provides large bandwidth and hence shorter rise time and settling time which can be seen from Figure 14 .
The compensated system is stable which can be verified from Figure 15 by inferring from the Bode plot information of the uncompensated and the lag-lead compensated systems. Before compensation, the system was unstable (as the gain margin is positive but the phase margin is negative) but after compensation, the system has become stable (as both the gain margin and the phase margin are positive).
The addition of poles (at s ¼ À0:01719 and s ¼ À5:962 Þ and zeroes (at s ¼ À0:1828 and s ¼ À0:5606 Þ in lag-lead compensated system can be viewed from the root locus plot of the uncompensated and the lag-lead compensated system (Figure 16) . Also, the root locus of the lag-lead compensated system shifts toward the left half of the s-plane, thus increasing the relative stability of the system.
Conclusion
In this article, a new tool to teach design of compensators in control engineering is presented. A MATLAB-based GUI for the design of compensators has been presented as an educational aid for basic control theory courses. The educational GUI can help the students to ponder over the theoretical concepts and emphasizes on making the students understand the compensator design through interactive practice. In a nutshell, the use of the software tool will refine enthusiasm of the students to discover the theoretical and practical effect of compensators interactively in a standard control theory course.
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